We report a factor-of-6 shortening of the 240-ps (FWHM) pulses in a triple-pass, 2.5-atm CO 2 amplifier. This technique is based on the self-phase modulation of a 10-mm pulse in a plasma after the first pass of amplification, followed by narrowing of this chirped pulse during further amplification. Subsequently, strong power broadening provides the necessary bandwidth to amplify 40-ps pulses to terawatt power levels. © 2001 Optical Society of America OCIS codes: 140.3470, 140.3280, 140.3440, 190.5940. The standard approach to reaching extremes of power with short pulses is chirped-pulse amplif ication, in which a laser pulse is stretched, amplified, and recompressed. Picosecond-femtosecond pulses can now be amplif ied to multiterawatt powers at selected wavelengths in the visible and the near-IR spectral regions by use of the chirped-pulse amplif ication technique.
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However, amplification of a picosecond pulse with a CO 2 laser-the only feasible method for generation of high-power mid-IR pulses -is diff icult because of the relatively narrow bandwidth of the CO 2 gas and the lack of an adequate technique for pulse shortening. The many potential applications of a terawatt (TW) picosecond CO 2 laser, including x-ray generation and laser acceleration of particles, 2 provide strong motivation for developing techniques for short-pulse generation.
There are several methods for shortening mid-IR pulses by use of a plasma. It is known that the ultrahigh speed of the ionization front in a gaseous laser target leads to an ultrafast optical shutter or a plasma shutter. 3 The plasma shutter screens an optical pulse effectively when the plasma reaches the critical density n c . For 10-mm light and a gaseous plasma, n c 10 19 cm 23 . Several groups of researchers have utilized the plasma shutter for truncating nanosecond CO 2 laser pulses. 4, 5 A second technique makes use of the bandwidth imparted to a CO 2 pulse when the beam is rapidly amplitude and phase modulated by an ionization front as the front spreads over the focused laser spot. 6 A narrow-band, resonant absorber follows this plasma shutter, which blocks the long pulse but transmits the short, broadband pulse associated with the closing time of the shutter. Pulses as short as 30 ps have been obtained with this optical free induction decay method but at low powers. 7 In this Letter we report a novel technique for pulse shortening with a laser plasma. It is based on self-phase modulation in a plasma followed by efficient narrowing of the chirped pulse in the active medium of an amplif ier. Using this technique, we obtained TW CO 2 laser pulses with durations of ϳ40 ps (FWHM). Such short pulses are much narrower than those permitted by the pressure-broadened bandwidth of the 2.5-atm amplif ier. To our knowledge, these results represent the shortest-duration TW-level pulses yet produced in the mid-IR region.
Our laser system is similar to that which we described recently, 8 from which as much as ϳ200 J of energy was obtained in an ϳ200-ps pulse by use of a master oscillator -amplifier CO 2 laser system. The TW CO 2 laser chain includes a two-wavelength hybrid TEA master oscillator, a UV preionized, highpressure regenerative amplifier, and a 2.5-atm e-beam sustained large-aperture amplif ier. Figure 1 shows the part of the experimental setup that we used to study pulse amplif ication, chirping, and narrowing. We used a 250-cm long, e-beam sustained CO 2 laser with a 20 cm 3 35 cm cross section 9 to realize three passes of amplification. This amplif ier produced a small-signal gain of 2.9%͞cm on the 10P ͑20͒ line at 2.5 atm. The laser discharge chamber was f illed with a mixture of 80% CO 2 and 20% N 2 . The gain bandwidth for such a mixture is ϳ14 GHz.
A 5-MW, 150-ps single-longitudinal-mode output pulse of the CO 2 regenerative amplif ier was used for experiments. A passive plasma shutter (PS) was placed in the focus of a telescope ͑ f ͞60͒ after the f irst pass of the amplifier, where the plasma from optical breakdown in Ar or N 2 interacted with the 10-mm pulse. For the last two passes we expanded the laser beam from 6 to 14 cm in diameter to extract energy stored in the active medium. A cell with a multiband gas-absorber mix, 9 containing a SF 6 saturable absorber (SA), was placed in front of the third-pass mirror to prevent self-oscillation and to improve the contrast ratio between the prepulse and the main pulse. The output was split and directed to a calorimeter and to a single-shot pulse-length diagnostic. A laser diode was gated in a CS 2 Kerr cell by the 10-mm light, allowing us to use a conventional streak camera to characterize the 10-mm pulse width. To calibrate this technique for the pulse-width measurement, we sent a 1-mm pulse with a known duration (100 ps) instead of a CO 2 laser pulse through the CS 2 modulator. This approach allowed us to estimate the total experimental uncertainty of pulse-width measurement as ϳ10% for pulses in the 20-150-ps range. The temporal dynamics of a 10-mm pulse during the course of amplif ication are shown in Fig. 2 . In particular, Fig. 2(a) displays the 140-ps FWHM pulse that is typically injected into the three-pass amplifier. After the f irst pass, as expected, the pulse broadened to ϳ240 ps because of gain narrowing in the amplif ier [ Fig. 2(b) ]. An ϳ300-ps FWHM output pulse (after the triple pass) was usually recorded without the PS when a 140-ps pulse was injected. At 470 Torr of N 2 in the PS, the same pulse, when it was sent through the second and third passes of amplification, was clearly shortened by a factor of 6, and the pulse duration was measured to be 40 6 4 ps FWHM [ Fig. 2(c) ] with 42 J of energy. By varying the pressure in the PS energies, we recorded as much as 125 J of energy for 90-ps pulses, which corresponds to 1.4-TW peak power. Shot-to-shot variation of the output pulse length, because of substantial scattering in energy of the pulse injected into the amplifier and the passive plasma shutter, did not allow us to record pressure dependence of the pulse duration. However, as a rule, longer pulses were obtained at the higher breakdown threshold (pressures below 400 Torr). These longer pulses resulted in slightly more-efficient energy extraction, which is limited by a rotational bottleneck effect in the CO 2 laser medium. 10 We conducted laser-plasma experiments in lowpressure gases ͑,0.3 Torr͒ with a focused high-power CO 2 laser beam to check the estimated peak power. Measurements of the plasma appearance threshold in Ar and He clearly confirmed that a TW level of power had been achieved.
In trying to discover the cause of the pulse shortening in going from Figs. 2(b) to 2(c), we note that compression only occurs when the laser pulse both causes and is transmitted through the plasma in the PS. In fact, observation of ϳ300-ps pulses without the PS demonstrates that the combined effect of strong gain saturation and some steepening of the leading edge of the pulse in a saturable absorber only partially compensates for gain narrowing in the active medium. Thus the observed pulse compression is unlikely to be directly related to these saturation processes in the active medium. Measurements of the pulse width and pulse energy after the PS-but before the f inal two passes-showed that the overall pulse length is essentially unchanged but that there is a factor-of-10 loss in the collected beam energy. The former measurement indicates that the plasma density never reaches n c during the pulse (incomplete screening), and the latter measurement indicates that suff icient plasma was produced during the pulse to refract substantial energy outside the original f ͞60 cone angle of the beam. Thus it appears that a spectral-broadening mechanism caused by self-phase modulation in the plasma before the final two passes is crucial to the observed pulse shortening. Here we give a brief, qualitative description of this mechanism.
The self-phase modulation is attributed to a plasma production front, which impresses a blue chirp onto the pulse. 6 To conf irm self-chirping in our experiment we recorded the spectrum of a laser pulse with and without its passing through the optical breakdown plasma. The spectra measured with a CO 2 laser spectrum analyzer (Optical Engineering) are plotted in Fig. 3 . As expected, the pulse after it passes through the PS is predominantly blueshifted, and the maximum frequency shift is typically 30-45 GHz. Unfortunately, the spectral resolution of the spectrometer is not sufficient to resolve the spectral width of an unchirped, transform-limited 240-ps pulse. It is nevertheless clear that the spectral width has increased more than tenfold in the process of laser-plasma interaction. The magnitude of the frequency shift n caused by the rapid increase in the electron density of the plasma during the optical pulse can be estimated as
Here l is the vacuum wavelength, and the integral is along the optical breakdown plasma. For a 240-ps CO 2 laser pulse and a 3-mm-long plasma as observed in the PS, a shift of 40 GHz corresponds to a final plasma density of ϳ10 17 cm 23 . The key concept is to operate at plasma densities much lower than the critical density to provide a frequency shift less than the spacing between rotational lines ͑ϳ55 GHz͒. The larger frequency shift could result in appearance of the 10P ͑18͒ line in the output spectrum (see Fig. 3 ), which builds up later. The major role in the buildup of ionization is played by a process of cascade ionization by electrons that have gained energy directly from the field during collisions with neutral particles. It is known that the threshold of optical breakdown in air increases to 10 J͞cm 2 for 1-ns CO 2 laser pulses.
11
This value correlates quite well with our observation of breakdown in the air at 2.5 3 J͞cm 2 , or ϳ10 GW͞cm 2 for 250-ps pulses. We chose f ͞60 focusing (spot size, 600 mm) of the laser beam, producing intensities of ϳ70 GW͞cm 2 in the PS, to limit the time required for the avalanche evolution. For these conditions in the picosecond regime the laser pulse is sufficiently fast to limit the evolution of avalanche ionization to low plasma densities. 12 It is important to realize that threshold of optical breakdown in N 2 ͑ϳ10 GW͞cm 2 ͒ is achieved after ϳ20 ps on the front of the pulse, which is focused to a peak intensity of 70 GW͞cm 2 . Once the breakdown is initiated, the plasma density increases in time, producing a larger frequency shift on the back part of the pulse. This makes the pulse, in the time domain, a composite of a short pulse (perhaps #20 ps FWHM) in resonance with a collisionally broadened 14-GHz CO 2 transition and an off-resonant, long ϳ230-ps chirped pulse. As a result of the interaction between this pulse and a manifold of rotational lines (see Fig. 3 ), the chirped part of the pulse (i.e., the portion that is transmitted after the breakdown occurs) is amplified less eff iciently than the front part. Additionally, anomalous dispersion in the CO 2 medium alters the temporal pulse shape before gain saturation. 13 The chirped portion of the pulse, which experiences lower gain, propagates faster than the unchirped part.
